Hydra is a member of the Cnidaria, an ancient phylum at the base of metazoan evolution and sister group to all bilaterian animals. The regeneration capacity of Hydra, mediated by its stem cell systems is unparalleled in the animal kingdom. The recent sequencing of the Hydra genome and that of other cnidarians has drawn new attention to this well-known model organism. In spite of this, the establishment of methods to manipulate gene expression in Hydra have remained a major challenge. Here we report a CRISPR-Cas9 based targeted mutation approach as well as an optimized, reproducible strategy for the delivery of siRNAs. Both approaches are based on a refined electroporation protocol for adult Hydra polyps. We demonstrate that these strategies provide reliable genetic interference with target gene expression, facilitating functional studies and genome editing in Hydra.
Introduction
The freshwater polyp Hydra was the first animal used in studies of experimental developmental biology (Bosch et al., 2010; Technau and Steele, 2011; Trembley, 1744) and is famous for its almost unlimited regeneration capacity and longevity (Schaible et al., 2015) . Hydra is member of the ancient phylum Cnidaria that exhibits a simple gastrula-like body plan with primary radial symmetry and two germ layers (Steele, 2012; Steele et al., 2011) . Recent molecular phylogenies have revealed that cnidarians are the sister group to all bilaterian animals (Simion et al., 2017; Technau and Steele, 2011) . This makes them an important model organism for understanding the origin of bilaterian body axes, the centralized nervous system, and the third germ layer (Holstein, 2012; Holstein et al., 2011; Steele et al., 2011; Technau and Steele, 2011) . Hydra possesses three stem cell lines: the ectodermal stem cells give rise to ectodermal epithelial cells, endodermal stem cells to endodermal epithelial cells, and interstitial cells differentiate into neurons, nematocytes, germ cells, and gland cells (David, 2012; Steele, 2002; Steele et al., 2011) .
In order to study the dynamics and function of genes in Hydra pattern formation and stem cell homeostasis several tools have been developed during the last years. Beside pharmacological treatment in analogy to vertebrate systems, the establishment of new molecular techniques facilitated the analysis of gene regulatory networks (GRN) and signaling pathways in the context of cell differentiation and patterning, making Hydra an attractive model for many experimental biologists.
A long-awaited breakthrough has been the introduction of foreign plasmid DNA into Hydra embryos by injection, eventually yielding stably expressing transgenic animals (Wittlieb et al., 2006 ). This technique made it possible to study the function of particular genes including their cisand trans-regulatory elements (Nakamura et al., 2011) . The introduction of plasmid DNA encoding for expression cassettes can also be applied for gain of function studies in adult polyps. For instance, electroporation-mediated delivery of the Nodal-related (Ndr) gene under control of the Hydra actin promoter into adult Hydra tissue resulted in increased budding rates (Watanabe et al., 2014) .
For loss of function studies, the RNA interference (RNAi) approach (Fire et al., 1998 ) turned out to be most promising. Whereas morpholino-mediated knockdown of endogenous transcripts was only feasible in marine cnidarians (Momose et al., 2008; Rentzsch et al., 2008 ) the silencing of genes using double-stranded RNA (dsRNA) revealed to be efficient also in Hydra as shown by Lohmann and coworkers (Lohmann et al., 1999) . Here, the introduction of dsRNA was mediated by electroporation.
In an alternative approach, HyAlx dsRNA was locally electroporated into early buds (Smith et al., 2000) or by introducing agarose pieces soaked with dsRNA-expressing bacteria into the gastric cavity (Miljkovic-Licina et al., 2007) . The agarose approach is based on the feeding method developed for C. elegans (Conte and Mello, 2003) and planarians (Newmark et al., 2003) , but requires more than two weeks treatment and leads to starvation and cell death . After the introduction of small interfering RNA (siRNA), which is more efficient and specific than long dsRNA (Elbashir et al., 2001) , the RNAi approach has been further developed for Hydra (Watanabe et al., 2014) . Although a significant downregulation of target genes was achieved in the ectoderm and endoderm, the damage induced by electroporation led to mortality rates greater than 50% within the first 24 hours post-electroporation. This hampered the development of RNAi to become a robust method in Hydra .
Here, we have established a novel approach which is based on previous RNAi applications in Hydra (Bosch et al., 2002; Lohmann and Bosch, 2000; Lohmann et al., 1999) , but uses siRNAs for RNA interference (Watanabe et al., 2014) . By refining the conditions for electroporation, we provide a robust protocol to silence target genes in Hydra with minimal tissue damage. Using our electroporation methodology, we also developed a reliable protocol for a CRISPR-Cas9 based knockout in adult animals. In our "somatic" CRISPR-Cas9 approach we directly deliver Cas9 ribonucleoproteins (RNPs) that are formed by the Cas9 protein and single-chain guide RNAs (sgRNAs) into adult polyps, thereby successfully introducing loss-of-function mutations in all three stem cell linages.
Material and Methods
Hydra Culture. Hydras were kept in Hydra medium (1 mM Tris pH 6.9, 1 mM NaHCO 3 ; 0.1 mM KCl; 0.1 mM MgCl 2 ; 1 mM CaCl 2 ) at 18° C. Animals were fed three times a week with Artemia salina nauplii and Hydra medium was exchanged daily. The following Hydra strains were used: Hydra vulgaris AEP Act::GFP ectoderm /Act::RFP endoderm ; Hydra vulgaris AEP Act::RFP ectoderm /Act::GFP endoderm (Glauber et al., 2015) , Hydra vulgaris AEP Hym-176::GFP nerve cells (Takahashi et al., 2008) ; Hydra vulgaris AEP CnNos1::GFP interstitial cells (NishimiyaFujisawa and Kobayashi, 2012) .
Electroporation of adult Hydra polyps. Medium-sized polyps were used that were fed one day before electroporation. Animals were collected with flame-polished glass pipettes in a Petri dish (Greiner BioOne) and shortly washed twice in ddH 2 O. 20 animals were then transferred into an electroporation cuvette (Gene Pulser / Micro Pulser Electroporation Cuvette 0.4 cm gap; Bio-Rad) and residual water was removed as completely as possible. siRNA was diluted in ddH 2 O to a final concentration of 1-5 µM and 200 µL of the solution was added to each cuvette. In case of Cas9-sgRNA ribonucleoproteins, a final concentration of 0.6 µM in 200 µl RNase free water was used, unless otherwise indicated. After relaxation of the animals, a single square wave pulse (200-300 V range) was applied for 10-50 ms (Gene Pulser XCell with CE Module; Bio-Rad). After electroporation, 500 µL of ice-cold recovery medium (80% hydra medium, 20% v/v dissociation medium: 3.6 mM KCl, 6 mM CaCl2, 1.2 mM MgSO4, 6 mM Na-Citrate, 6 mM pyruvate, 4 mM glucose, 12.5 mM TES pH6.9, 0.05 g/L rifampicin, 0.10 g/L streptomycin, 0.05 g/L kanamycin) was added to the animals, which were kept on ice until the experiment was completed. Animals were carefully transferred into a new Petri dish filled with pre-chilled recovery medium. It is important to note that excessive movement of the Petri dishes should be avoided during and after transfer. The polyps were left to recover overnight at 18 °C. On the next day, the recovery medium was exchanged for Hydra medium in a stepwise manner and debris was removed. Animals were fed daily from the second day of recovery. Visible gene silencing effects were detectable 3-4 days post-electroporation, peaked at day 6 and were stable until day 14, offering a range of 1 week for experiments.
Small interfering RNA design. For the design of siRNAs, we followed general guidelines described previously (Birmingham et al., 2007; Shabalina et al., 2006) . In general, we designed a 21 bp sequence starting with an adenine-dinucleotide, which is preferentially located in the 5´-region of the gene. Potential candidates were considered favorable when they contained a GC content between 30-50 % and were devoid of polyT sequences. Sequences were additionally refined by the prediction tool of the Whitehead Institute (http://jura.wi.mit.edu/bioc/siRNAext/). This tool offers the advantage of specificity prediction by considering thermodynamics. For each gene, three to four siRNAs were custom synthesized with an UU overhang (Sigma Aldrich) and tested for in vivo efficiency. siRNA specific for GFP was selected as follows: 5´-AACUACCUGUUCCAUGGCCAAUU-3´. A scrambled siGFP sequence was designed as control: 5´-AACUCAUCGAUUCACACCGGUUU-3´.
RNA extraction and quantitative reverse transcription polymerase chain reaction. Ten animals that were electroporated with either siGFP or scrambled siGFP were randomly chosen and transferred into fresh 1.5mL tubes between day 7 and day 9 after electroporation. Residual Hydra medium was removed and animals were mixed with 500 µL TRIzol (Life Technologies) and homogenized by vortexing. After 5 minutes of incubation at RT, 100 µL chloroform (Sigma) was added to the suspension, thoroughly mixed and incubated for 5 minutes at RT followed by centrifugation at 12,000 xg for 15 minutes at 4 °C. The upper phase was transferred into a fresh 1.5 mL tube and mixed vigorously after adding 250 µL of chloroform:isoamyl-alcohol (24:1 v/v mixture; Sigma). After centrifugation at 12,000 xg for 15 minutes at 4 °C, the upper phase was transferred into a fresh 1.5 mL tube. In order to precipitate the RNA, the supernatant was mixed with 0.5 volumes of chilled isopropanol and incubated for 2 hours at -20 o C followed by centrifugation as described above. The pellet was washed once with 70% ethanol (v/v), centrifuged at 12,000 x g for 15 minutes at 4 o C and air-dried. The RNA was re-suspended in 30 µL ddH 2 O and subsequently digested with 1.5 U DNaseI (Roche) for 30 min at 37 °C. DNaseI was inactivated by heating the samples at 75 °C for 10 min. The concentration of the RNA was measured using a NanoDrop spectrophotometer. 1µg RNA per sample was employed for cDNA synthesis according to the manufacturer´s instructions (sensiFAST cDNA Synthesis Kit, Bioline). The cDNA was diluted 1:20 with 30µL ddH 2 O and used for quantitative PCR using SensiMix™ SYBR® Hi-ROX Kit (Bioline), adopting the pipetting scheme and PCR conditions specified by the manufacturer. Primer pairs (MWG Eurofins) used were as follows: GFP (fw: 5´-TGATGCAACATACGGAAAACTTACC-3´; rv: 5´-ACACCATAACAGAAAGTAGTGACAA-3´), elongation factor 1a as housekeeping gene for normalization (fw: 5´-TATTGATAGACCTTTTCGACTTTGC-3´; rv: 5´-CTGTAC AGAGCCACTTTCAACTTTT-3´). Samples were run in triplicates. Obtained data were analyzed using the ∆∆Ct-method and visualized by Prism 7.0b (GraphPad).
Purification of Cas9 protein.
Purification of the Cas9 endonuclease was performed as described elsewhere (Gagnon et al., 2014) . In brief, Cas9 protein was expressed in E. coli BL21(DE3) from the pET-28b-Cas9-His plasmid (Gagnon et al., 2014) via an auto-induction method (Studier, 2005) . One liter of bacterial suspension was grown for 12 hrs at 37 °C, followed by a 24-hour expression at 20 °C. Cells were harvested, resuspended in washing buffer (20 mM Tris-HCl pH 8.0, 25 mM Imidazole, 500 mM NaCl), and lysed by sonication (duty cycle 20%, output control: 2,5; Branson Sonifier 250). The lysate was cleared by centrifugation for 15 minutes at 20,000 x g at 4 °C and loaded onto a 1 ml HisTrapHP column (GE-Healthcare). The column was washed with five column volumes of washing buffer and eluted using buffer containing 20 mM Tris-HCl pH 8.0, 500 mM Imidazole, 500 mM NaCl. 500 µl fractions were collected and the protein content was determined at 280 nm. Fractions with high protein concentration where pooled and dialyzed against a buffer containing 20 mM Tris-HCl pH 7.4, 200 mM KCl, 10 mM MgCl 2 . The final protein concentration was determined using the Pierce BCA Protein Assay Kit (Thermo Scientific) according to the manufacturer's instructions. Single use aliquots were frozen in liquid nitrogen and stored at -80 °C.
Single guide RNA design, sgRNA production and Cas9 in vitro activity assays. For the prediction of putative sgRNA binding sites the stand-alone version of the CCTop software (Stemmer et al., 2015) was used. The GFP coding sequence from pHyVec7 (GeneBank accession number: EF539830.1) served as an input sequence and the Hydra 2.0 genome assembly (https://arusha.nhgri.nih.gov/hydra/) was used as a reference genome. Among the predicted sgRNAs, the three top hits with the lowest off-target rate were chosen for further analyses. Single guide RNAs produced with the GeneArt Precision gRNA Synthesis Kit (Thermo Fisher Scientific) were as follows: GFPsg1f (5'-TAATACGACTCACTATAGGGTGAAGGTGATGCAACATA-3'), GFPsg1r (5'-TTCTAGCTCTAAACTATGTTGCATCACCTTCACC-3'), GFPsg2f (5'-TAATACGACTCACTATAGTCAAGAGTGCCATGCCCGA-3'), GFPsg2r (5'-TTCTAGCTCTAAACTCGGGCATGGCACTCTTGA-3'), GFPsg3f (5'-TAATACGACTCACTATAGCATGCCGTTTCATATGATC-3'), and GFPsg3r (5'-TTCTAGCTCTAAAC GATCATATGAAACGGCATG-3').
To determine the in vitro activity of these sgRNAs a portion of the GFP coding sequence containing the sgRNA binding sites was amplified by PCR using primers GFPfwd1 (5'-GGAGAAGAACTTTTCACTGGA-3') and GFPrev (5'-GTGTCCAAGAATGTTTCCAT-3') to obtain a suitable cleavage template. In vitro cleavage reactions contained 100 mM NaCl, 5 mM MgCl 2 , 20 mM HEPES pH 6.5, 0.1 mM EDTA, 30 nM Cas9 nuclease, 30 nM sgRNA and 3 nM of DNA substrate. Reactions were incubated for 20 minutes at 37 °C. Cleavage reactions were then analyzed by agarose gel electrophoresis.
Western Blot analysis. For protein extraction, polyps were resuspended in 2x sample buffer (Laemmli, 1970) at 10 µl per polyp and incubated at 95°C for 10 min with agitation. Protein extracts were cleared by centrifugation at 14,000 x g for 10 min, 0.1 hydra equivalents were loaded on 12 % SDS polyacrylamide gels, and after electrophoresis transferred to nitrocellulose membranes. Immunoblots were incubated with polyclonal chicken anti-GFP (1:5000, ab 13970; Abcam) and monoclonal mouse anti-a-tubulin (1:1000, clone DM1A, Sigma) primary antibodies and horseradish-peroxidase conjugated secondary rabbit anti-chicken (1:5000; 31401; Thermo Scientific) and goat anti-mouse (1:5000; 111689; Jackson ImmunoResearch,) antibodies. The blots were developed using the ECL system and bands were visualized on an ECL Chemocam Imager (Intas). Densitometric analysis of protein bands was performed using the Fiji software (Schindelin et al., 2012) .
Extraction of genomic DNA and mutation analysis. To extract genomic DNA, ten animals were placed in buffer containing 400 mM Tris-HCl pH 8.0, 5 mM EDTA pH 8.0, 150 mM NaCl, 0.1% Tween20, and 1 mg/ml Proteinase K and incubated at 60 °C overnight. The samples were extracted once with TE-saturated phenol, twice with diethyl ether and the genomic DNA was precipitated with ethanol following standard procedures. The GFP locus was amplified from genomic DNA by PCR using primers GFPfwd1 and GFPrev. The resulting fragment was subjected to a T7-Endonuclease analysis using the EnGenTM Mutation Detection Kit (New England Biolabs) following the manufacturer's instructions. For sequence track decomposition analysis, a fragment of the GFP locus was amplified by PCR using primers GFPfwd2 (5'-AGTGGTTCACTGTACGTAA-3') and GFPrev and used for Sanger sequencing (MWG Eurofins).
The resulting sequence tracks were used for decomposition analysis using the TIDE software (Brinkman et al., 2014) (https://tide-calculator.nki.nl).
Imaging. Pictures were taken between day 7-9 after electroporation, if not otherwise indicated. Animals were sedated in Chloretone (0.1%w/v in hydra medium) for live imaging. Fluorescent images of polyps were taken with a Nikon SMZ25 microscope equipped with a DS-RI2 camera and processed using NIS-Elements, Fiji, and Photoshop.
Results and Discussion
The objective of this study was to present a robust electroporation protocol for reverse genetic methods in Hydra. In a first approach, we used transgenic Hydra strains expressing GFP under the control of actin or a cell type specific promotor and evaluated parameters such as animal viability and transfection efficiency employing siRNA specific to the introduced GFP gene (siGFP) and a corresponding scrambled sequence as control (scr-). We used transgenic strains that specifically express the GFP in the ectoderm or endoderm (Glauber et al., 2015) , the interstitial stem cell lineage (Nishimiya-Fujisawa and Kobayashi, 2012) , and the nervous system (Takahashi et al., 2008) . Based on these results, we established in a second approach a protocol for a CRISPR-Cas9 based knockout by delivering Cas9 ribonucleoproteins (RNPs) into adult polyps. The induction of loss-of-function mutations was evaluated in both germ layers as well as in the interstitial stem cell lineage and differentiated neurons.
Gene silencing by electroporation of siRNA
Effect of voltage and siRNA concentration on the viability of intact polyps. Previous publications showed a square wave pulse to be most efficient for introducing small molecules into cells with low transfection rates, such as JURKAT cells (Jordan et al., 2008) . Accordingly, the square wave pulse was preferred to the exponential decay pulse in our initial experiments. Using this pulse pattern, animals were electroporated at increasing voltages as well as siRNA concentrations and were then evaluated for their general morphology and viability. Immediately after electroporation, the tissue of the animals exhibited a visibly reduced integrity in both cell layers, followed by a complete or partial loss of the tentacles (Fig. 1A) . The transfer of the pulsed animals from the cuvettes to Petri dishes is a critical step and should be carried out carefully to avoid additional mechanical stress. In general, the integrity of the animals was restored 24 hours post electroporation. While animals pulsed at 200 V and 250 V or with a concentration of 1 µM and 3 µM siRNA showed moderate damage, polyps treated with either 300 V or 5 µM siGFP exhibited more severe injuries. Accordingly, Hydra pulsed at low or medium voltages and siRNA concentrations completely recovered within two days post electroporation with viability rates ranging from 94-100% (Fig. 1C) . In contrast, polyps electroporated at 300 V or with 5 µM siGFP showed a more severe damage resulting in a decrease of viability to 70% and 84,5%, respectively. From these experiments, we conclude that 300 V and 5 µM siGFP represent the upper limits as electroporation parameters. We next examined whether these conditions were sufficient to induce an efficient silencing of the GFP mRNA.
Effect of voltage on the knockdown efficiency. Electroporation at 200 V for 25 ms using 3 µM siGFP already showed a visible reduction of the GFP fluorescence starting from day 4 in the ecto::GFP animals, while the morphology remained completely unaffected (Fig.1 A+B) . In fact, animals pulsed under these conditions completely recovered within the first day after electroporation. Interestingly, the silencing of GFP was detectable only on one side of the animal, while the opposite side still possessed GFP fluorescence, though with a lesser intensity compared to the control. At higher magnification it became evident that the signal deriving from GFP was strongly reduced on the affected side, but not completely absent. A further decline in GFP fluorescence was achieved at a voltage of 250 V using the same concentration and pulse length. The animals exhibited a pronounced silencing of GFP, while still possessing a viability rate of 94% (Fig.1C) . The knockdown effect was additionally confirmed by RT-qPCR, which showed a decrease of the GFP expression level to almost one third relative to the scrambled control (Fig. 1D) . It is important to note that RT-qPCR was performed with extracts deriving from whole animals that exhibit silencing only on one side of the animal. Thus, the actual decrease in the affected tissue area might be much higher. The use of 300 V reduced the expression level to 14% of the original amount illustrated by silenced areas of the animal lacking GFP fluorescence (Fig. 1B+D) . However, this efficient reduction is associated with an increase of cell damage, morphological abnormalities, and a decrease of viability.
We next evaluated to which extent varying siRNA concentrations contributed to the knockdown efficiency. To this end, concentrations of 1 µM, 3 µM, and 5 µM siGFP were pulsed at constant 250 V for 25 ms. Although animals pulsed with 1 µM siGFP exhibited a reduction of the fluorescence comparable to polyps electroporated at 200 V, the expression of the GFP mRNA level dropped to 25% (Fig. 1B+D ). This reduction on the transcriptional level is therefore in the range of an electroporation with 3 µM siGFP at 250 V for 25 ms. In contrast, the application of 5 µM induced a significant reduction of GFP mRNA to 12% as evaluated by RT-qPCR. However, animals pulsed under these conditions showed the most severe cell damage (Fig.1A-D) .
All conditions tested resulted in silencing of the GFP expression at varying efficiencies. Taking together, a single square wave pulse at 250 V for 25 ms with a siGFP concentration of 3 µM allows for an efficient gene knockdown with minimal tissue damage.
Gene silencing in the interstitial stem cell lineage and endoderm. As the settings of 250 V for 25 ms in combination with 3 µM siGFP stably induced gene silencing in the ecto::GFP strain (Fig.  2A+B) , we next asked whether these conditions were also suitable to target other cell types. Therefore, we applied the protocol to transgenic animals expressing GFP in the endoderm, interstitial cells, and nerve cells.
Electroporation to the endo::GFP strain resulted in GFP silencing in 67% of the treated animals. Interestingly, the silenced tissue areas were distributed in a more scattered manner compared to the ecto::GFP strain that exhibited silencing predominantly on one side of the animal. However, the reduction of the total GFP mRNA levels with 43% was slightly lower compared to the ecto::GFP transgenic animals (Fig. 2B ).
Since the interstitial cells of Hydra are rather small in size and moreover embedded within the ectodermal and endodermal layers, it has been very challenging to target these cells by electroporation (Smid and Tardent, 1984) . To evaluate whether our electroporation settings were also applicable for the interstitial cell lineage, we performed GFP silencing in interstitial cell specific CnNos1::GFP transgenic animals. Using the settings already applied for the ecto::GFP and endo::GFP transgenic animals, we observed GFP silencing in 49% of the treated polyps. The moderate decrease of the transcript level to 67% was likely due to the fact that the affected tissue was smaller than in both epithelial germ layers. Comparable results were obtained with transgenic animals harboring GFP-labeled nerve cells . Given that 57% of the population exhibited a decrease in GFP expression, the efficiency is slightly higher compared to CnNOS1::GFP labeled animals, while the transcription level was reduced to a similar extent (Fig.  2A+B) .
We can therefore conclude that the refined electroporation protocol enables an efficient silencing of GFP for two weeks (Fig. S1 ) in all cell types of Hydra.
Genome editing by the electroporation of Cas9 guide RNA complexes in adult polyps
Although electroporation of siRNAs resulted in efficient reduction of transcript levels, duration of the knockdown was restricted to approximately 14 days, limiting phenotypic analyses. To overcome this issue, we aimed to develop an approach to directly interfere with gene function on a genomic level. With the emergence of programmable nucleases like transcription activator-like effector nucleases (TALEN (Miller et al., 2011) ), Zinc-finger nucleases (ZNF (Urnov et al., 2010) ), or RNA-guided nucleases, targeted genome editing has become available to virtually any model organism (Chen et al., 2013; Gratz et al., 2013; Hwang et al., 2013; Zhang et al., 2014) . Among these, the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR associated 9 (Cas9) system has become the method of choice. Here, the Cas9-nuclease is targeted to a specific genomic locus by a short single guide RNA (sgRNA) (Jinek et al., 2012) . The Cas9-mediated introduction of a double strand break (DSB) at the genomic locus triggers non-homologous end joining, an error-prone cellular repair mechanism, that leads to the insertion and/or deletion (InDels) at the DSB (Gallagher and Haber, 2017) .
Basic protocol for the electroporation of Cas9 guide RNA complexes. Previous studies have demonstrated that ribonucleoproteins of Cas9 protein and sgRNA can be introduced into cells by electroporation, suggesting that this method might be suitable for genome editing in adult Hydra polyps. To test this hypothesis, we first aimed to target the recombinant GFP locus of ecto::GFP animals using three independent CRISPR target sites (Fig. 3A and Material and Methods) . DNA cleavage by the corresponding guide RNAs was confirmed by an in vitro Cas9 cleavage assay using a PCR-fragment derived from the genomic GFP locus (Fig. 3B) . We added Cas9 protein to the individual GFP-sgRNAs in a 1:1.2 molar ratio to allow the formation of ribonucleoproteins (Cas9RNP) and used these complexes for the electroporation experiment. Using a concentration of 0.6 µM Cas9RNP the animals were subjected to a single 25 ms pulse at 230 V. Effects on GFP expression were determined seven days after electroporation. While animals treated with Cas9 protein only, Cas9-GFPsg2 or Cas9-GFP RNPs did not show any obvious phenotype, we observed areas with absent GFP signal in polyps that were electroporated with Cas9-GFPsg1 RNPs (Fig. 3C ). This loss of GFP signal correlated with sequence aberrations at the GFP-locus as detected by a T7 endonuclease assay. Mismatch cleavage by the T7 endonuclease was only detectable on DNA heteroduplexes derived from animals that were electroporated with Cas9-GFPsg1 RNPs (Fig. 3D) . Quantitative assessment of genome editing by sequence trace decomposition using the TIDE software (Brinkman et al., 2014) indicated mosaic editing of the GFP coding sequence in these polyps. Overall, 29.1% of the DNA was edited, resulting in a fourbase deletion in most cases (Fig. 3E) . Finally, we assessed GFP protein levels in targeted animals. Quantitative immunoblot analyses revealed a slight reduction in GFP expression in 16% of Cas9-GFPsg1 RNP electroporated animals compared to the control. By comparison, protein levels in Cas9-GFPsg2 RNP and Cas9-GFPsg3 RNP treated animals remained unaffected (Fig.  3F) . Taken together, these results demonstrate that CRISPR/Cas9 mediated genome editing in adult hydra polyps can be induced by the electroporation of Cas9-sgRNA RNPs.
Optimized conditions for RNP electroporation. Although we clearly detected gene targeting in our electroporated animals, genome editing efficiencies were relatively low. Thus, we next aimed to optimize our protocol for the delivery of the Cas9-sgRNA RNPs. To that end, we tested different concentrations of the Cas9-sgRNA RNP as well as various voltages in our electroporation assay and assessed the gene targeting efficiency by analyzing genome editing of the GFP locus, GFP protein levels, and survival rates. Conditions were varied by using either 0.3 µM to 1.2 µM of Cas9-RNPs at a constant voltage of 230 V or 210 V to 270 V at a constant concentration of Cas9-RNPs. A maximum of GFP depleted areas was observed in polyps that were treated with 0.6 µM Cas9-GFPsg1 RNP or pulsed at 250 V, respectively (Fig. S2 A and D) . This observation was confirmed by the quantitative data we obtained. In the presence of 0.6 µM RNPs or 250 V we obtained a genome editing efficiency of approximately 70% in nearly 80% of the animals, which resulted in a 50% decrease in GFP protein levels (Fig. S2 B, C, E, and F). Higher RNP concentration or a further increase in the voltage applied had only little or no effect on the targeting efficiencies but was detrimental to the survival rates after electroporation (Fig S2  B and E) . In summary, these results suggest optimal electroporation conditions at 250 V in the presence of 0.6 µM of the Cas9 sgRNA complex. These conditions resulted in high genome editing rates while sustaining sufficient amounts of surviving animals for downstream analysis. Moreover, after the initial recovery phase, the treated polyps showed little or no morphological abnormalities that would obscure phenotypic read-outs.
Electroporation of Cas9-sgRNA RNP mediates genome editing in all stem cell lineages.
So far, we had restricted our analysis to the ectoderm of the hydra polyp. In order to further extend this study to additional cell types we performed electroporation using the aforementioned transgenic animals that recombinantly express GFP either in the endoderm, the interstitial cells, or nerve cells. Fluorescence microscopy analysis of the treated polyps revealed areas devoid of GFP signal in the majority of all animals tested (Fig. 4A) . Genome editing was further confirmed by a mismatch cleavage assay using the T7 endonuclease and decomposition analysis revealing that 50-70% of the GFP loci were targeted (Fig. 4B and C) . Moreover, we observed a clear decrease of GFP protein levels in the treated animals compared to mock-treated controls (Fig.  4D ).
Taken together, these results demonstrate that CRISPR/Cas9-mediated genome editing after electroporation of Cas9-sgRNA RNPs into adult Hydra polyps is not restricted to ectodermal tissue but also allows targeting of endodermal and interstitial cells. Since the mutations generated by CRISPR/Cas9-mediated genome editing are stably integrated into the genome it should be possible to generate stable mutant lines for all three stem cell populations in Hydra. To test this hypothesis, we excised tissue parts devoid of GFP signal from an ecto::GFP animal electroporated with Cas9-GFPsg1 RNPs (supplemental Fig. S3 ). The resulting polyps from these regenerates showed a minimal number of GFP positive ectodermal cells and produced buds completely devoid of GFP expression (data not shown). Up to date we have cultured these polyps for more than a year without noticing any reappearance of GFP expression (supplemental Fig. S3 ).
Our approach demonstrates that CRISPR/Cas9-mediated genome editing can be used to introduce stable mutations in the genome of Hydra polyps. For functional knockout studies it will be necessary to target both alleles of an endogenous gene. Here, we have not investigated if such bi-allelic events are induced since our study is restricted to a transgene that was introduced into the genome of polyps by microinjection of plasmid DNA into Hydra embryos. However, a recent study has shown that such transgenes often integrate into genomes at multiple sites and with multiple copies (Wittlieb et al., 2006) . Thus, it is possible that the transgenic animals used in this study also bear multiple copies of the GFP-transgene. In that case, the regions devoid of GFP expression in our treated animals might contain cells, in which multiple loci were targeted. Further experiments will be needed to confirm this assumption.
Perspective
For many years of research in Hydra developmental biology was dominated by the analysis of gene expression patterns. These studies were extremely useful in collecting a large database for comparative analyses of major signaling pathways and transcriptions factors between cnidaria and bilateria. However, mechanistic studies were largely restricted to the application of pharmacological treatments with often questionable specificity. We expect that our robust protocols for siRNA knockdowns and CRISPR/Cas9-based genome editing will open new avenues for functional gene analysis in Hydra and yield important insights into basic mechanisms of stem cell and regeneration biology. PCR fragments of the GFP locus (A) were denatured and reannealed to allow heteroduplex formation (wildtype and mutated DNA strand). Heteroduplexes were interrogated by T7 endonuclease that cuts imperfectly matched DNA. Arrowheads indicate cleavage products in Cas9-GFPsg1 electroporated animals at 100 and 300bp. (E) Quantitative assessment of InDels in the GFP coding sequence of Cas9-GFPsg1 treated polyps. The GFP locus of treated and mock-treated animals was sequenced by Sanger sequencing following decomposition of the sequence tracks using the TIDE software (Brinkman et al., 2014) . The relative abundance of insertion and deletions of every length with respect to the Cas9-sgRNA RNP cutting site are shown. (F) Protein extracts from treated and mock-treated animals were analyzed using GFP-specific antibodies to assess GFP protein levels. Tubulin served as a loading control. Numbers indicate the relative amounts of GFP protein that were determined by densitometric analysis of the bands. Tubulin signals were used to normalize loading. :GFP Hydra strain (left) were electroporated with Cas9-GFPsg1 RNPs to induce genome editing at the GFPlocus. Twelve days post electroporation (middle), tissue regions devoid of GFP expression were excised and allowed to regenerated into intact polyps, which produced offspring completely lacking GFP expression. This GFP-less phenotype was stably maintained even after one year of culture (right).
